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A B S T R A C T
Theeffectof theadditionofvarious amounts of sulfates to a zirconia support and its possible role during the
Au deposition–precipitation step was examined. The high activity showed by the Au/ZrO2 catalysts in the
WGS reaction was enhanced by the action of sulfates on the support. SO4
2 addition to zirconia brings a
higher gold dispersion due to (i) the larger surface area and (ii) the positive role of SO4
2 groups that
determine the deposition of Au in the form of highly dispersed non-metallic gold clusters in close contact
with the support.
 2010 Elsevier B.V. All rights reserved.
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Catalysis by gold nanoparticles is a topic of current interest, as
proved by the exponential growth of the papers on this subject [1].
In fact gold supported on oxides or carbon, once considered
catalytically inert, is nowﬁrmly established as an effective catalyst.
The catalogue of reactions that it can catalyze is really wide. In
particular, supported gold particles are effective catalysts for low-
temperature CO oxidation, selective oxidation of propene to
propene oxide, water-gas shift reaction, NO reduction, selective
hydrogenation of acetylene (or butadiene) [2].
The relationship between activity, microstructure and nature of
the catalytically active gold sites is, up to now, not fully
understood. There is still a big debate on the role played by the
preparation method and by the acidity of the support and its
modiﬁcation with surface species like sulfates on the nature of the
resulting gold species. Experimental data on selective oxidation [3]
indicate that there is a limiting diameter size (1.5–2 nm) that
discriminates between active samples from the inactive ones. This
is the same limiting size observed for both ‘‘active’’ and ‘‘inactive’’
supports, as BN, SiO2 and C on which Au is dispersed. It appears* Corresponding author. Tel.: +39 0116707542; fax: +39 0116707855.
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doi:10.1016/j.apcatb.2010.01.030related to an intrinsic modiﬁcation of the electronic structure of
non-metallic gold nanoclusters with respect to the metallic
nanoparticles. As for the water-gas shift reaction, cationic gold
or highly dispersed non-metallic gold clusters in close contact with
the support are usually considered active sites [4]. Very recently,
an unprecedented reactivity in the HCOOH decomposition into H2
and CO2 of Au-based catalysts for fuel cells designed for portable
use has been reported [5]. It has been shown that the reactivity
derives from highly dispersed and stable Au species, undetectable
by transmission electron microscopy. The primary role of the
support is to have a high concentration of nucleation sites for gold
and to avoid coalescence and agglomeration. Characteristics such
as surface area, presence of surface hydroxyl groups, density of
defects, modiﬁcation of the surface acidity and of the predominant
crystalline phase can inﬂuence its adsorption ability [1]. We have
recently focused our attention on gold based catalysts supported
on zirconia [6,7]. The choice of zirconia as support is due to its
intrinsic chemical and physical characteristics that can be adjusted
by choosing different precursors and synthesis conditions.
Moreover, the addition of dopants, in particular sulfates, increases
surface acidity, retards crystallization and enhances the surface
area [8]. ZrO2 has also been found to be a very suitable support for
gold [9–11]. We have optimised a method for dosing low
coordination sites exposed at the surface of gold supported on
different oxides [12]. This procedure is based on the combined use
of pulsed CO chemisorption measurements and FTIR spectroscopy
of adsorbed CO, both techniques being applied in well controlled
experimental conditions. It has been shown that the amount of low
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systems [7] is up to 10 times higher than the one observed for
standard Au/TiO2 by WGC (World Gold Council). In fact, a very
good relationship between catalytic activity and chemisorption
data has been evidenced [13], indicating that the chemisorption
test is suitable for a preliminary evaluation of the Au/ZrO2 systems
used for the LT-WGSR. We have recently demonstrated [13] that
gold supported on sulfated zirconia is more active than the
samples on plain zirconia in the LT-WGSR. This higher activity is
probably due to a larger surface area of sulfated zirconia that leads
to a better dispersion of gold on the surface. It would be very
interesting to clarify the role of SO4
2 in the delicate phase of gold
deposition on the support and subsequently on dispersion and
catalytic activity. The goal of the present work is to examine the
effects of the addition of various amounts of sulfates to a zirconia
support and to check their role during the Au deposition–
precipitation step.
2. Experimental
2.1. Catalyst preparation
Zirconia was prepared by a two-step synthesis technique.
Zr(OH)4 was prepared by precipitation from ZrOCl28H2O at
constant pH (pH = 8.6) and then aged under reﬂux conditions
for 20 h at 363 K, washed free from chloride (AgNO3 test) and dried
at 383 K overnight. The hydroxide was then sulfated with
(NH4)2SO4 (Merck) by incipient wetness impregnation in order
to obtain a 1, 2, 4, 8 wt% amount of sulfates respectively on the ﬁnal
support. Sulfated zirconium hydroxides were then calcined in air
(30 mL/min STP) by slowly heating from room temperature to
923 K over 7 h, and keeping this temperature for 6 h. The different
SO4
2 amount is deﬁned in the denomination of the supports: ZS1,
ZS2, ZS4 and ZS8 respectively. 1 wt% of gold was added by
deposition–precipitation (dp) at pH = 8.6: the oxide support was
suspended in an aqueous solution of HAuCl43H2O for 3 h and the
pH was controlled by the addition of NaOH (0.5 M).
Moreover, a sample was synthesized by dp after the sulfates
removal from the zirconia. A complete extraction of sulfates was
obtained, as previously reported [14], by suspending the calcined
support in an aqueous solution of NaOH (0.5 M) at pH = 8.6. Then
gold was deposited by dp as previously reported (inverted sample
denoted with the initial letter I). After ﬁltrations all samples were
dried at 308 K overnight and part of the catalysts were ﬁnally
calcined in air for 1 h by slowly heating (60 K/h) from 298 to 453 K.
2.2. Methods
Surface area and pore size distributions were obtained from N2
adsorption/desorption isotherm at 77 K, using a Micromeritics
ASAP 2000 Analyser. Sulfated zirconia supports (400 mg)were pre-
treated at 570 K for 2 h under vacuum, while the ﬁnal catalysts
(300 mg) were pre-treated at room temperature for 6 h under
vacuum. Surface area was calculated from the N2 adsorption
isotherm by the BET equation [15] and pore size distribution was
determined by the BJH method also applied on the adsorption
branch [16]. Total pore volume was taken at p/p0 = 0.99.Table 1
Surface features and SO4
2 amounts of the supports.
Sample Nominal SO4
2 (wt%) Found SO4
2 (wt%) Su
ZS1 1 1.0 7
ZS2 2 2.0 9
ZS4 4 3.6 11
ZS8 8 4.0 11The sulfate content of all samples was determined by ion
chromatography (IC) [14]. Sulfate concentration was calculated as
the average of two independent analyses, each including two
chromatographic determinations.
The gold amount was determined by atomic adsorption
spectroscopy after microwave disgregation of the samples
(100 mg).
X-ray powder diffraction (XRD) patterns were measured by a
Bruker D8 Advance diffractometer equipped with a Si(Li) solid
state detector (SOL-X) and a sealed tube providing Cu Ka radiation.
Measuring conditions were 40 kV  40 mA. Apertures of diver-
gence, receiving and detector slits were 18, 18, and 0.38
respectively. Data scans were performed in the 2u ranges 15–
558 and 35–408 with 0.028 step size and counting times of 3 s/step
and 10 s/step respectively.
CO pulse chemisorption measurements were performed at
157 K in a lab-made equipment. Before the analysis the following
pretreatment was applied: the sample (200 mg) was reduced in a
H2 ﬂow (40 mL/min) at 423 K for 60 min, cooled in H2 to room
temperature, purged in He ﬂow and ﬁnally hydrated at room
temperature. The hydration treatment was performed by contact-
ing the sample with a He ﬂow (10 mL/min) saturatedwith a proper
amount of water. The sample was then cooled in He ﬂow to the
temperature chosen for CO chemisorption (157 K) [7].
Thermal analyses (TG/DTA) were performed on a NETZSCH STA
409 PC/PG instrument in ﬂowing air (20 mL/min) with tempera-
ture rate set at 5 K/min in the 300–1300 K temperature range.
TPO measurements were carried out to determine the
substances released during the TG/DTA thermal treatment, in a
lab-made equipment: samples (100 mg) were heated with a
temperature rate of 10 K/min from 300 to 1300 K in air (40 mL/
min). The efﬂuent gases were analyzed by a Genesys 422
quadrupole mass analyzer (QMS). The signals for masses 18, 28,
44, 48, 64 were recorded.
FTIR spectra were taken on a Perkin-Elmer 1760 spectrometer
(equipped with a MCT detector) with the samples in self-
supporting pellets introduced in a cell allowing thermal treat-
ments in controlled atmospheres and spectrum scanning at
controlled temperatures (from 120 to 300 K). From each spectrum,
the spectrum of the sample before the inlet of CO was subtracted.
Band integration and curve ﬁtting have been carried out by Spectra
Calc (Galactic Industries Co.). The spectra were normalised with
respect to the gold content of each pellet. The pretreatment of the
samples was: (i) reduction in H2 at 423 K; (ii) outgassing H2 to
room temperature (r.t.); (iii) hydration at r.t.; (iv) outgassingwater
at r.t. to obtain the same residual pressure (2.5  102 mbar H2O).
2.3. Catalytic activity measurement
WGSR was performed in a ﬁxed-bed ﬂow reactor at atmo-
spheric pressure and in a temperature range from423 to 453 K. The
following conditions were applied: space velocity = 9400 h1;
catalyst volume = 0.5 cm3 (35–50 mesh) diluted to 1.5 cm3 with
quartz sand (Carlo Erba; 35–50 mesh); gold supported samples
were previously subjected to a slow (60 K/h) thermal activation in
air (50 mL/min) from room temperature to 453 K, kept at this
temperature for 1 h in the same air ﬂow and then cooled in N2rface area (m2/g) Pore diameter (nm) SO4
2 (groups/nm2)
9 10.9 0.79
9 8.7 1.27
5 7.0 1.96
9 6.7 2.11
Fig. 1. DTA and DTG curves for the supports.
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2% hydrogen/nitrogen mixture (50 mL/min) up to 453 K; once this
temperature was reached, the gas feed composition was slowly
changed to pure hydrogen (50 mL/min) and after 1 h changed to
the feed mixture: 1.9% vol. CO, 39.7% vol. H2, 9.5% vol. CO2, 11.4%
vol. N2, 37.5% vol. H2O [6,13]. The progress of the reaction was
followed by gas-chromatographic analysis of the converted
mixture at the reactor outlet (packed column Carbosphere, TCD
detector, V loop = 1 mL).
3. Results and discussion
3.1. Catalysts characterization
Sulfated zirconia supports and gold samples were analyzed by
ion exchange chromatography to determine the amount of sulfate
groups and the results are reported in Table 1. As it can be seen,
tests of sulfates carried out on the sulfated zirconium hydroxides
calcined at 923 K show that the SO4
2wt% found is much lower
than the expected value. In particular, the difference between the
nominal and the actual value increases with the rise of the amount
of anions on the support. It is already known [17] that the
elimination of sulfates occurs during the calcination step and that
the SO4
2 amount that remains at the end of this process is strictly
connected with the calcination conditions. This sulfates content is
related to the amount of anions that are more ﬁrmly bound to Zr4+
groups, i.e. anchored to Zr4+ groups not placed in the corners of
ZrO2 crystals. Such cations are in fact highly energetic sites (i.e.
highly uncoordinated). The groups that are situated over them are
more easily eliminated from the oxide surface during the
calcination step. In other words, there is a sort of selective
elimination of sulfates from highly energetic crystallographic
defects [18]. Therefore the relationship between sulfates loss and
their amount depends on the maximum value of anions that the
oxide can keep under the calcination conditions. For the samples
examined in the present workwe can assume amaximumof about
4% (wt/wt).
Such behavior can be noted in the thermal DTG/DTA analyses
that were carried out on the four uncalcined supports in order to
observe their behavior during calcination and that are reported in
Fig. 1. From the DTG curves it is evident that all the samples show a
signiﬁcant weight loss between 300 and 400 K, in correspondence
to large endothermic peaks in the DTA curve, due to the release of
water from the surface of the catalysts. Besides, at about 470 K the
DTG and DTA proﬁles show another weight loss due to zirconium
hydroxide dehydroxylation [19]. Above 900 K the ZS8 support
shows a sharp peak of weight loss up to 1000 K, in correspondence
to an endothermic peak in the DTA curve, which is related to
sulfate decomposition. Similarly, the DTG spectra of ZS4 supportFig. 2. N2 physisorption isotherms and BJshow a broad peak of weight loss at slightly higher temperatures
(1000 K). On the contrary, in the ZS1 and ZS2 proﬁles no signiﬁcant
weight loss was observed above 600 K, probably because the mass
decrease was under the detection limits. In the 750–900 K region
the DTA proﬁles of the four supports show sharp exothermic peaks
occurring without weight loss; this can be associated to zirconia
phase transition (from amorphous to crystalline) [20–22]. It is
interesting to notice that with the increase of the SO4
2 loading
there is a progressive shift of the peak from 800 K (ZS1) to 870 K
(ZS8) and a corresponding decrease of its intensity. This result
clearly shows that the effect of sulfates on zirconium oxide is to
shift the crystallization processes towards higher temperatures
during calcination treatment [23]. A further conﬁrmation of this
result comes from the physisorption analyses that are reported in
Table 1. The physisorption isotherms and pore diameter distribu-
tions are very similar to the ones reported in Fig. 2 for the samples
containing 1 wt% of gold, and are therefore not shown for the sake
of simplicity. All samples show type IV isotherms with a hysteresis
loop typical of mesoporous materials. Higher SO4
2 loadedH pore size distributions of catalysts.
Table 2
Characterization and activity data of the samples.
Sample Au found (wt%) Surface area (m2/g) Pore diameter (nm) mlCO(273 K)/gAu molCO/molAu Conversion at 453K (%)
AuZS1 0.74 73 11.1 30.8 0.271 76
AuZS2 0.79 93 8.0 37.2 0.327 83
AuZS4 0.83 111 6.6 41.7 0.366 83
AuZS8 0.86 112 6.0 40.9 0.359 83
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sulfated ones, ranging from 73 (AuZS1) to 112 m2/g (AuZS8). It is
very interesting to note the progressive shift of the pore size
distribution curves towards smaller diameters with the increasing
of the doping anion content. Such reduction of mean pore size is
signiﬁcant since it achieves almost 50%. A comparison between
Tables 1 and 2 points out that surface area and porosity are very
similar for the supports and the corresponding catalysts and that
they are not modiﬁed by the gold dp technique. In conclusion, we
can remark that the effect of sulfates on zirconium oxide is to
increase its surface area and reduce the mean pore size, shifting
crystallization processes towards higher temperatures during
calcination treatment.
Table 2 shows the gold content of the catalysts, while the
sulfates amount in the ﬁnal samples are not reported because no
sulfates are present in the ﬁnal catalysts as previously veriﬁed
[6,13]. This is not unexpected, as the detachment of sulfate groups
occurs during the dp as a consequence of the basic conditions.
X-ray diffraction patterns for the gold based samples in the
range of 2u between 208 and 508 are reported in Fig. 3. No
signiﬁcant difference is observed in the crystallinity of the fours
samples. It is known [24] that the hydroxides sulfation promotes
the formation of the tetragonal phase of zirconia (t-ZrO2) with
respect to themonocline one (m-ZrO2). XRD analyses conﬁrm such
trend and this is particularly true for the AuZS1 sample. In addition
no peak related to the presence of gold crystallites is observable,
suggesting a high dispersion of gold particles on the support
surface. Such very high Au dispersion is conﬁrmed by the results of
CO chemisorption analyses. In fact we have recently demonstrated
that CO chemisorption performed by a pulse ﬂow system at 157 K
on suitably pre-treated samples can be taken as a method for the
quantitative determination of the gold sites on Au/ZrO2 catalysts
[7]. Moreover we have recently veriﬁed [13] the close connection
between chemisorption data and catalytic results in the LT-WGSR,
pointing out that Au dispersion in zirconia catalysts is a veryFig. 3. XRD patterns of catalysts ( ) monocline zirconia and tetragonal zirconia (+).important parameter for their preliminary evaluation. Results of
pulse ﬂow CO chemisorption measurements for the catalysts
object of the present work are reported in Table 2. The molar ratio
between CO and Au is very similar for the AuZS2, AuZS4 and AuZS8
samples, indicating the same dispersion for these catalysts. The
values are very high [7] and we can determine a very small gold
particle size. On the contrary, the AuZS1 sample shows the lowest
molCO/molAu ratio,meaning gold particleswith dimensions larger
than the other samples. This is probably due to the lower surface
area of the ZS1 support.
3.2. Activity data
The effect of the SO4
2 addition on the support and its
consequences on the activity in the low-temperature water-gas
shift reaction has been investigated. In Table 2 the conversions
obtainedwith the 1 wt% gold-loaded catalysts on the four supports
are reported. The sample containing less sulfates (AuZS1), which is
the onewith the lowest surface area and dispersion, shows also the
lowest catalytic activity. On the contrary, conversions obtained for
the AuZS2, AuZS4 and AuZS8 samples are noticeably higher and
very much alike. We are able to deﬁne an ideal range for the
sulfates concentration. The addition of small SO4
2 amounts on the
support is not enough, while the charging of zirconium hydroxide
with 2–8% of sulfates allows an improvement of the dispersion of
gold nanoparticles and of the catalytic performance.
3.3. Investigation on the effects of sulfates
We have previously discussed the positive role of sulfates that
alter the structural properties of the support enhancing its speciﬁc
surface area and thus favouring a better dispersion of gold
particles. However, the ﬁnal catalysts do not contain sulfates
anymore, due to themethodology of gold deposition–precipitation
that is carried out at a basic pH [6,7,13]. Sulfates do not behave as
promoters of the gold active phase in the ﬁnal samples, but they
only act as structural promoters of the support. We have therefore
synthesized a new gold catalyst after sulfates remotion from
zirconia. In this way we can deposit gold over two different
supportswith an identical surface area, one containing sulfates and
the other one SO4
2 free. Fig. 4 shows the main characteristics of
the two different catalysts prepared on the ZS2 support: one
synthesized by dp on the sulfated support (AuZS2), and the other
one prepared after the removal of sulfates (IAuZS2). They have the
same surface area and the same gold content, but differ a lot in
dispersion and catalytic activity. In particular the sample prepared
on a SO4
2 free support chemisorbs almost half the CO of the other
one and has a lowerWGS conversion. This is a clear indication that
sulfates have an active role during the step of Au dp.
FTIRmeasurements after CO adsorption at 157 K on both AuZS2
and IAuZS2 samples were performed in order to elucidate the role
of sulfates on the nature of gold sites in the ﬁnal catalyst. The
samples were reduced in H2 at 423 K and hydrated at r.t. before CO
chemisorption at 157 K, following the same procedure used for the
quantitative chemisorption experiments. In Fig. 5 the amounts of
CO chemisorbed vs. the integrated intensities of the FTIR CO bands,
normalised to the gold content, are reported for AuZS2 (indicated
Fig. 4. Comparison between AuZS2 and IAuZS2 samples: surface area, gold content, chemisorption results and CO conversion.
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plotted together with those previously reported [7] for a series of
Au/ZrO2 catalysts prepared by dp and with different gold loadings
(square). In Ref. [8] a quite good linear relationship between the
amounts of CO chemisorbed and the integrated peak intensities
was found. The point related to AuZS2 (triangle) is also quite close
to this straight line. Therefore, the largest fraction of gold
adsorbing sites present on this sample has the same nature of
the previously reported samples, i.e. highly dispersed neutral non-
metallic gold clusters [7].
On the other hand, the IAuZS2 (circle) deviates strongly from
the linearity. In fact, the integrated area of the CO band related to
this sample is higher than the one related to AuZS2 and the
calculated absorption coefﬁcient raises to 2.9 cm1 mol1  104.
Moreover, the deviations from linearity observed for AuZS2
(small) and for IAuZS2 (large) and the differences in the absorption
coefﬁcients of these two samples in respect to the ones reported in
Ref. [6], can be attributed to the co-presence of Au nanoparticles, as
well as to the non-metallic gold clusters. The absorption coefﬁcient
associated to the CO on gold nanoparticleswas previously obtained
for Au/TiO2 and Au/Fe2O3 [12]. In particular, the gold adsorbing
sites exposed at the surface of the metal nanoparticles areFig. 5. CO chemisorbed amounts vs. integrated intensities of the FTIR CO bands
normalised to the gold content for the AZS2 (triangle) and IAZS2 (circle) samples in
comparison with a series of Au/ZrO2 catalysts (square).characterized by an absorption coefﬁcient of the adsorbed CO
that is 3.2 cm1 mol1  104 [12], this value being twice the one
associated to the highly dispersed non-metallic clusters
(1.5 cm1 mol1  104) [7]. Hence, the CO adsorbed on gold
nanoparticles, having an absorption coefﬁcient larger than the
one related to the non-metallic gold clusters, can contribute
signiﬁcantly to the ﬁnal integrated area of the FTIR CO band.
A deconvolution of the FTIR CO band has been performed, in
particular two components have been identiﬁed in the case of the
AuZS2 catalyst: one related to CO on well isolated gold adsorbing
sites, i.e. highly dispersed non-metallic clusters, the other one
related to gold sites exposed at the surface of the nanoparticles.
The ratio between the gold adsorbing sites on the non-metallic
clusters and those exposed at the surface of the nanoparticles was
found to be 2.8. This value was obtained using the appropriate
absorption coefﬁcients for the two species, 1.5 and
3.2 cm1 mol1  104 respectively, as reported in the Refs.
[7,12]. This result indicates that on the AuZS2 sample the amount
of sites belonging to neutral non-metallic clusters is three times
larger than the abundance of adsorbing sites of the nanoparticles. A
different situation has been noticed for the IAuZS2 sample. In this
case the calculated ratio between the sites related to the non-
metallic clusters and the sites of the nanoparticles is only 1.55.
The FTIR spectra analysis suggests a possible additional
explanation of the positive effect of sulfates: the production of
larger amounts of small clusters, as shown in schemes reported in
Fig. 6. The IAuZS2 catalyst, in which the sulfates were removed
before gold dp, does not have preferential OH groups on the
zirconia surface (see left panel of Fig. 6). For this sample we can
assume amechanism similar to the one reported for gold on titania
catalysts byMoreau et al. [25]: at pH = 8.6 the Au (OH)3 species are
deposited everywhere on the negatively charged support, reacting
with the already present surface OH groups. Also in the AuZS2
sample (right panel) the Au(OH)3 species react with the OH groups
of the zirconia surface. However, in this case the reacting OH sites
aremainly produced by the removal of the sulfate groups, i.e. while
the pH is raising. These ‘‘nascent’’ OH (colored in blue in the
scheme) may react with the gold complexes in solution, forming
quite isolated gold grafted species at the surface of AuZS2 and, after
calcination, very small Au2O3 clusters. Consequently, the gold
dispersion of this sample is higher than the one observed on the
IASZ2 sample,where the sulfateswere removed before introducing
gold: the Au(OH)3 dp occurs everywhere on the support and after
calcination a larger amount of bigger nanoparticles is produced.
Fig. 6. Schematization of the deposition–precipitation (dp) process for the AuZS2 and IAuZS2 samples. (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of the article.)
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The high activity showed by gold on zirconia catalysts in the
water-gas shift reaction was enhanced by the action of sulfates on
the support. Such SO4
2 promotion is carried on in a well deﬁned
concentration range. We have demonstrated that sulfates addition
to zirconia brings a twofold advantage: (i) a higher gold dispersion
due to higher surface area and (ii) a higher gold dispersion due to
the positive role of SO4
2 groups that address the deposition of Au
in the form of highly dispersed non-metallic gold clusters in close
contact with the support.
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